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Abstract: We briefly review how opacity affects the observed polarization in synchrotron emitting jets.
We show some new multi-frequency observations of 3C 273 made with the VLBA in 1999–2000, which
add significantly to the available rotation measure (RM) observations of this source. Our findings
can be summarized as follows: (1) The transverse gradient in RM is amply confirmed. This implies a
toroidal component to the magnetic field, which in turn requires a current of 1017–1018 A flowing
down the jet. (2) The net magnetic field in the jet is longitudinal; however, whether or not the
longitudinal component is vector-ordered is an open question. (3) The RM distribution is variable on
timescales of months to years. We attribute this to the motion of superluminal components behind
a turbulent Faraday screen that surrounds the jet. (4) Finally, we suggest that Faraday rotation
measurements at higher resolution and higher frequencies, with the Event Horizon Telescope, may
enable useful constraints to be placed on the accretion rate onto the central black hole.
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1. The Effect of Opacity on Polarization

It is well known that the fractional linear polarization, m, of optically thin synchrotron radiation
in a uniform magnetic field is given by m = (p + 1)/(p + 7/3) (e.g., [1]), where p is the slope of the
power law electron energy distribution, and is related to the spectral index, α, (defined as S ∼ να)
by p = 2α + 1. For typical values of p between 2 and 3, the value of m is between 69% and 75%.
Fractional polarizations this high are rarely seen, and this is usually attributed to a partially disordered
magnetic field.

The effect of opacity on polarization is not as widely known as it should be, so it is useful to
review it briefly here. Let us assume that our coordinate system is oriented such that the polarization
is completely represented by Stokes Q (and U = 0). As the optical depth increases, Q steadily decreases,
eventually passing through zero and becoming negative. This corresponds to a change of 90◦ in the
EVPA, and at large enough optical depth, the fractional polarization becomes m = 3/(6p + 13). This is
only 10–12% in a uniform field and is even less in a partially disordered field.

An important question is at what optical depth does the EVPA flip by 90◦? It is not, as is sometimes
assumed, at τ = 1. The critical optical depth is in fact between 6 and 7, depending weakly on the
spectral index (see Figure 1a). This and the two following plots are calculated from expressions in
Chapter 3 of [1]. Figure 1a uses Equation (3.79) in [1], after correcting an obvious typesetting error.
At the critical optical depth plotted in Figure 1a, the fractional polarization is zero; it rises to its
asymptotic value (10–12%) and the 90◦ EVPA flip becomes visible only at significantly larger optical
depths. At such high opacity, the total intensity is greatly depressed and therefore so is the polarized
intensity. Because the edges of a jet or other compact component are always optically thin (because of
the short path length), it is unclear if optically thick polarization has ever actually been observed in
real radio sources.

Note also that the 90◦ flip in EVPA only occurs in Faraday-thin sources. If a source is Faraday-thick,
then the EVPA changes by only 45◦, whether it is optically thick or thin. (For the connection between
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Faraday depth and rotation measure, see Equations (1) and (2) in [2].) The dependence of EVPA on both
Faraday depth and optical depth is shown in Figure 1b for a cylindrical geometry. Since the vertical axis
in Figure 1b could equally well be labeled as λ2, this demonstrates that it is not meaningful to calculate
a rotation measure if a source is Faraday-thick. Some of these results have been presented [2,3],
but both papers only considered optically thin sources.

Figure 1. (a) The critical optical depth, τ, at which the EVPA changes by 90◦ as a function of electron
energy spectral index, p. (b) The fractional polarization (contours) and EVPA (constant length tick
marks) as a function of optical depth, τ, and Faraday depth, τF, integrated over a cylinder, for p = 2.5.
The lower left portion of this diagram represents optically thin, Faraday-thin emission. The lower
right portion shows Faraday-thin, optically thick emission. The 90◦ change in the EVPA is only plainly
visible for optical depths >10. Note that, in the top portion of the diagram, increasing Faraday depth
limits the EVPA rotation to 45◦. Figure 1a,b are copied from [4].

In Figure 2, we show model images of a Blandford–Königl jet [5] with a toroidal magnetic field.

Figure 2. Contours of total intensity (left) and polarized intensity (right) for a resolved
Blandford–Königl jet with a toroidal magnetic field. The cross marks the position of unit optical
depth. The polarization tick marks are EVPAs. Figure 2 is also copied from [4].

It is obvious that the peak in the I map and the peak in the P map are at significantly different
core distances. This difference is a measure of the gradient in optical depth along the jet and is very
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similar to what is measured by the core-shift technique [6,7], which measures the position of the peak
in total intensity as a function of frequency. It can also be seen in Figure 2 that only a tiny region close
to the apex of the jet exhibits full optically thick polarization with a 90◦ change in EVPA. This region
makes a negligible contribution to the measured core polarization, especially if the core polarization is
measured at the total intensity peak.

2. New VLBA Images of 3C 273, and the Variable Transverse Gradients of Rotation Measure

The first observation of a transverse gradient of rotation measure in the pc-scale jet of 3C 273
was by [8]. It has since been confirmed by [9–12]. It has also been seen in a number of other sources
(e.g., [13] and references therein). To the body of observations of 3C 273, we add those by Chen [14].
Chen observed 3C 273 with the VLBA at 4 epochs between 1999.26 and 2000.04, at 8, 15, 22, and 43
GHz. Full results will be reported elsewhere, but in Figures 3 and 4, we show transverse gradients in
rotation measure and in fractional polarization taken from multiple cuts of the stacked images.

Figure 3. (a) Rotation measure distribution from the stacked images at 4 frequencies, superposed on
the 8 GHz total intensity image. (b) Fourteen transverse cuts in rotation measure. It is clear that the
transverse gradient in rotation measure can be seen down the length of the jet. The dots indicate the
peaks in total intensity for each cut. These correspond to the ridge line RMs in Table 1.

Figure 4. (a) Fractional polarization of the stacked images at 8 GHz. (b) Fourteen transverse cuts in
fractional polarization. Note that the minimum in fractional polarization (red) is consistently near the
center of the jet.
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In Figure 4, we show the distribution of fractional polarization, together with 14 transverse cuts
in fractional polarization. The minimum in fractional polarization near the center of the jet is also a
persistent feature, best seen in the movie sequence of images on the MOJAVE website [15], and was first
remarked on by [10]. It is not a Faraday effect, but a simple consequence of the magnetic field geometry,
where the toroidal and longitudinal field components give comparable but orthogonal polarizations.

The rotation measure corrected zero wavelength EVPA distribution is not shown here, but can be
found in [8,10,16]. Results show that the net magnetic field direction is persistently and predominantly
aligned with the jet.

We have compiled all the milliarcsecond-scale RM gradient observations in the literature,
including those from Chen’s thesis. These are shown in Table 1. In Column 4, the “Ridge RM”
is measured at the peak in the total intensity distribution.

Table 1. Compilation of RM observations of 3C 273 at milliarcsecond resolution.

Date Frequency GHz Core Distance 1 Mas Ridge RM Rad/m2 RM Gradient Rad/m2/Mas Reference

1995.92 4.7–8.6 6 340 60 [8]
1997.07 8.1–43.2 5 500 [17]
1999.26 8.1–22.2 3 489 185 [14]
1999.26 8.1–22.2 6.5 619 61 [14]
1999.37 8.1–22.2 3 679 207 [14]
1999.37 8.1–22.2 6.5 746 160 [14]
1999.74 8.1–22.2 3 497 170 [14]
1997.74 8.1–22.2 6.5 695 211 [14]
2000.04 8.1–22.2 3 358 137 [14]
2000.04 8.1–22.2 6.5 393 213 [14]
2000.07 12.1–22.2 5 750 600 [10]
2000.61 12.1–22.2 5 750 600 [10]
2002.35 43–86 0.8 16,000 140,000 [11]
2002.96 4.6–8.6 10 400 50 [9]
2002.96 4.6–8.6 14 325 35 [9]
2002.96 4.6–8.6 22 200 11 [9]
2006.19 8.1–15.3 3 0 450 [15]
2006.19 8.1–15.3 8 −100 1600 [15]
2006.19 8.1–15.3 13.5 200 125 [15]

1 These are projected distances from the core. At the distance of 3C 273, 1 mas = 2.7 pc.

The observations listed in Table 1 form a very under-sampled data set, where the ridge RM and
the RM gradient both vary with epoch and with core distance. In Figure 5, we take a first look at two
of the more obvious trends.

Figure 5. (a) Ridge line rotation measures as a function of observing epoch. Because the RM also varies
with core-distance, we have split the measurements into three ranges of core-distance, as given in
the legend. (b) The dependence of the transverse RM gradient on projected distance from the core
measured in milliarcseconds. The regression line has a formal slope of −1.9, but with a large and
uncertain error because the scatter about that line is largely due to variability.
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We can see from Figure 5a that the RM in the center of the jet is variable over a range of different
timescales. The general increase in RM between 1996 and 2000, followed by a decline over the next
six years show variability on a timescale of years. The cluster of points around 2000—many of them
new data points from [14]—show variability on the timescale of months. (Note that the large vertical
scatter represents real month-to-month variability rather than measurement errors. The measurements
are made on the ridge line of the jet, where the total intensity is at a maximum, and all of them have
good signal-to-noise ratios.).

The RM variability cannot be attributed to the motion of emission line clouds across the line of
sight, because they move too slowly [18]. However, the superluminal components in the jet certainly
do move fast enough. We suggest, as have many others, that most of the Faraday screen is close to
the jet, either as a sheath of plasma surrounding the jet or as a turbulent boundary layer where the
jet interacts with the ambient medium. The superluminal components then act as moving probes of
the Faraday screen. Their locations are accurately tracked by the MOJAVE program [19], and see [20],
so it may be possible, given sufficient observations, to map the screen itself or at least to determine
its statistical properties. In this picture, the range of time scales for RM variability correspond to a
range of physical scale sizes for the fluctuations in the Faraday screen. However, if the screen itself is
time-variable, then elucidating its structure will be very difficult.

In Figure 5b, we look at how the RM gradient depends on core distance. Clearly the gradient
increases as the core distance decreases, but this conclusion depends strongly on the end data points.
The rightmost data point is from [9]. The leftmost data point is from [11], based on simultaneous
observations at 7 mm and 3.5 mm wavelengths. Important support for very high RMs close to the
core is given by the authors of [21], who observed 3C 273 with ALMA at a wavelength of 1 mm and
measured an RM of 3.8 × 105 rad/m2. (They could not, of course, resolve the jet with ALMA, so this
value corresponds most closely to the ridge RMs in Column 4 of Table 1.)

3. The Current in the Jet

The usual interpretation of the transverse RM gradient is that it implies a toroidal component
to the magnetic field (e.g., [8]). Whether or not the net field is helical depends on whether or not
the longitudinal component of the field is vector-ordered (see below). By Ampère’s law, a toroidal
magnetic field requires that a current flows down the jet. If the total jet current is Ijet, then the field
at the surface of a jet of radius R is B(R) = µ0 Ijet/2πR, where µ0 is the permeability of free space.
Outside the jet, the magnetic field is B(r) = B(R)·R/r, where r is the radial coordinate. Inside the
jet, if the current density is uniform, the current generates a toroidal component equal to B(R)·r/R.
The current therefore generates both part of the field (in conjunction with the longitudinal component)
that gives rise to synchrotron radiation from the jet and the magnetic field in the plasma surrounding
the jet that gives rise to the RM gradient.

Jet currents are an inevitable consequence of toroidal magnetic fields. Inserting typical values
for the magnetic field (see Column 6 of Table 1 in [22], where the magnetic field at a distance of 1 pc
from the black hole is typically in the 0.2–1.5 G range) and the jet opening angle from [7], we expect
currents in the 1017–1018 A range. There is now evidence that these currents propagate to kpc scales,
perhaps even to the hotspots [23–25]. According to [24], the conventional current tends to flow inward
on pc scales and outward on kpc scales. They identify these with the jet current and with the return
current, respectively (see their Figure 1). It is interesting that, on pc scales, 3C 273 may be an exception
to this rule.

4. The Structure of the Magnetic Field in the Jet

Any model for the structure of the magnetic field in 3C 273 must reproduce at least
three observational features. These are (1) the transverse gradient in rotation measure, (2) the net
longitudinal field, and (3) the minimum in fractional polarization in the center of the jet. The RM
gradient implies a toroidal component to the magnetic field. This is frequently called a helical field,
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but it is only so if the longitudinal component is vector-ordered. A helical field can reproduce (2) if the
pitch angle is small enough (<45◦). This is certainly possible, but there are two difficulties. The first is
that a helix exhibits side–side asymmetry unless viewed from 90◦ in the jet frame (see Figure 6a). It is
not unreasonable that the viewing angle is near 90◦ since this is the angle that maximizes superluminal
motion for a given jet velocity, but it is not reasonable to expect it to be 90◦ in general. In fact, 3C 273
does exhibit some side–side asymmetry—the north side of the jet is more strongly polarized than the
south side—but that may also be affected by the jet curvature. This was discussed in [15], where it was
pointed out that the asymmetries in polarization, total intensity, and spectral index were consistent
with the expectations of the helical magnetic field model discussed in [26]. The second, perhaps more
important, difficulty for a helical field is that, as the jet expands, the pitch angle must increase due
to conservation of magnetic flux, and so the apparent magnetic field may start off longitudinal and
then become transverse farther downstream. The corresponding fractional polarization will steadily
decrease down the jet, pass through zero when the pitch angle is 45◦, and then increase again. I have
not found any examples of such behavior in the MOJAVE sample.

The longitudinal component does not have to be vector-ordered. Two examples of net longitudinal
fields that are not vector-ordered are (1) compressed tangled fields (often called Laing sheets) wrapped
around the axis of the jet (see Figure 6b) and (2) tangled magnetic fields stretched along the jet axis
by transverse velocity shear (see Figure 6c). The latter can be compared to a Laing sheet [27] where a
tangled field is stretched rather than compressed. Neither of these suffer from the problems outlined
above for a helical field. They also straightforwardly produce a minimum in fractional polarization in
the center of the jet (though a helical field can do so too).

Figure 6. Three possible magnetic field configurations discussed in the text. (a) a vector-ordered helix.
The side to side asymmetry is obvious if the jet is not viewed from a direction perpendicular to its
axis; (b) two-dimensional field sheets wrapped around the jet axis; (c) a toroidal field plus longitudinal
loops. Both configurations (b,c) reproduce the observed polarization properties of jets, while avoiding
some of the problems associated with completely vector-ordered fields (see text). Figure 6a,b are taken
from [27]. Figure 6c is taken from [28].

5. How the Faraday Screen Changes with Distance from the Core

According to Figure 5b, the RM transverse gradient varies roughly with (core distance)−1.9,
though the scatter in Figure 5b is such that this value is not well determined. The leftmost point
in Figure 5b suggests that closer to the core, the slope may well be steeper. That the RM gradient
(and the ridge line RM) decrease with increasing core distance is not unexpected, but modeling them
is not necessarily straightforward. Even if the magnetic field outside the jet is considered known
(see Section 3), we do not know the distribution of the ionized gas. A sheath or turbulent boundary
layer surrounding the jet is possible, as are an inward accretion flow or an outward flowing wind.
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We also do not know the velocity field of the plasma. This is relevant because the usual formula for
Faraday rotation applies in the remaining frame of the plasma.

Rotation measure observations of Sgr A* have been used to set strong limits on the accretion rate
on to the central black hole [29]. It may be possible to constrain the accretion rate in 3C 273 in a similar
manner using the event horizon telescope [30].

Conflicts of Interest: The authors declare no conflict of interest.
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